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DOCUMENTATION FOR "HYBRID" 


COMPUTER PROGRAM 
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Bl.l PROGRAM DESCRIPTION 

HYBRID computes the fuel and energy consumption of a hybrid 

vehicle with a bi-modal control strategy over specified component 

driving cycles. Fuel and energy consumption are computed separately 

for the two modes of operation. The program also computes yearly 
% 

average fuel and energy consumption using a composite driving cycle 
which varies as a function of daily travel. 

The distribution of daily travel is specified as input data, 
as well as the weights which the component driving cycles are given 
in each of the composite cycles 
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brakes as being at the transmission input. However, this is if 
no significance as far as the propulsion system computations are 
concerned. 
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PROGRAM HY8RI0 ORIGINAL V ^ 

op pen*!’ < * ' - • 

HV BRIO MODELS OPERATION OF A HYBRID VEHICLE OVER SPECIFIEO ORIS 
CYCLES. 
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VARIABLES IN COMMON - ’ 

COMMON FA,FR,FAC,FNET,TDO,TTO,RPMOO,RPMTO,VMASS2,SKALE,PSO,PEO. 
1PE02,PMO,PM02,PGO,PG02,P3RK,PBRK2,FC,PD,PT 

REAL YDOT< 201 *Y( 20) •INTI ,INT2, V(6I , A < 3) , YTMP( 20) 

REAL EKC80I . .. 

REAL OISTC31 ,FCONS<3) ,FCCNS2<3) , ECONS (3) ,ECONS2<3) 

REAL OOISCH < 20) , CYCLES (2 0) ,OSUP< 30) , ONC ( 30 ) ,GAMM A <30 ,3) «FCBARC 
IFCBAR2C30) ,ECBAR(30) ,ECBAR2 (30 ) , RANGE C30 ),FCMAV (30) ,ECMAV<30 ) , 
2RFRAC ( 30 ) , OB AR ( 30) ,PHEZ(20) 

REAL ECHE(3) ,ECSVS (3) ,EHEBAR<30) ,ESYSBR<30) 

INPUT ENGINE OATA 

RF AO 600*NPWR»PHEZRO»FCQL,FUEL3G 
RE AO 610, (PHEZ;j)*8SFC (J ) ,J=1,NPWR) 

INPUT TRANSMISSICN OATA 

READ 610.EMUT 
PRINT 843 
PRINT 845,EMUT 

INPUT RATTERY OATA 

READ 600, NOOSCH, CHGEFF 

READ 610, ( OOISCH <J ) , CYCL ES < J) , J= 1 , NDOSCH ) 

PRINT 850 
PRINT 980 

PRINT 910, (OOISCH(J) ,CYCLES(J) ,J=1, NOOSCH) 

INPUT DIFFERENTIAL ANO TIRE OATA 

READ 6tO,ORATIO,EMUO,RTIRE,CTIREl,CTIRE2 
PRINT 875 
PRINT 880 

PRINT 885,0RATI0,EMU0,RTIRE,CTIRE1,CTIRE2 

INPUT DRIVING CYCLE OATA 

RE A 0 620 ,NCYCLE 

PRINT 915 

00 45 JC=1 , NCYCLE 

RE AO 625, NT C ( JC) ,NPRTC < JC) , NUN IT S ,0TC ( JC ) ,TFC ( JC ) 
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000223 



NT*NTC ( JC) 

000225 



REAO 610« CTIMCC JC*J) ,SPECC(JC, J) »J*1*NT) 

' 000245 



IF ( NUNITS. NE ■ 1 ) GO TO 41 


V 

c 

r 

• 

CONVERT MPH TO KILOMETERS PER HOUR 

000247 

u 

30 

00 40 J*t*NT 

000251 



SPEOC1JC* Jl *SPEOC( JC* J) *1*6093 

000254 


40 

CONTINUE 

000256 


41 

PRINT 920 

000262 



PRINT 910* (TIMC(JC*J)*SPEOC(JC*J) *J=1*NT) 

000392 


_ 45 

CONTINUE 

000305 



RE AD 600 *NCOMP*DSTAV 

000314 



PRINT 990*OSTAV 

000322 



PRINT 995 ... 

000326 



00 320 JC = 1 * NCOMP 

000330 



REAO 610«OSUP(JC)« ONC ( JC ) * C GAMMA C JC* Jl • J *1 *NC YCLEI 

000347 



PRINT 815* OSUP ( JC) *ONC(JC) * (GAMMA (JC*J) ,J=t*NCYCLE) 

000367 


320 

CONTINUE 

000372 



0BAR(l)=0SUP(l)/2. 

000374 



00 46 J=2* NCOMP 

000375 



OBAR (J)* (OSUP(J) 40SUPCJ-1) )/2. 

000401 


46 

CONTINUE 


c 


INPUT RUN DATA 

000403 

U 


REAO 600 «NC ASE 

«¥ 000410 



00 194 JCASE=1,NCASE 

#00 0412 



PRINT 925 « JCASE 

090417 



REAO 610»PEOMIN*D3MAX»PHEMAX 

000431 



PRINT 930,PECMIN*OBMAX 

000441 



skale=phemax/°hezro 

000443 



FCIOLE=FCOL*S«ALE 

000445 



PRINT 800* FCIOLE 

000452 



00 5 J=l*NPWR 

000454 



PHE (J)^PHEZ (J) *SKALE 

000457 


5 

CONTINUF 

000461 



PRINT 805 

000464 



PRINT 820* IPHE( J) *3SFC( J) * J=1,NPWR) 


L 

c 


INPUT MOTOR/GENERATOR OATA 

000501 

C 


REAO 610,PMHAX,PMIN,EMUM,EMUG,PINNLO 

000517 



PRINT 811 

000523 



PRINT 812 

000527 



PRINT 815«PMM4X,PMMIN,EMUM*EMUG*PINNLD 

00 0545 



REAO 610«MB*EBMAX* EMURG*EMURGZ 

090561 



PRINT 855 

000565 

p 


PRINT 810* WB*EBM AX*EMURG *EMURG2 


G 

c 

p 


INPUT VEHICLE OATA 

- 000601 

G 


REAO 610»VMASS*OLI*COA 

Jl 000613 



PRINT 890*VMASS*OLI.CDA 

000625 



VMASS2sVMASS40LI/RTIRE*»2 

000631 



00 190 JCYC=1.NCYCLE 
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* 




<4*000632 



PRINT 700 

->300635 



NTIME*NTCCJCYCI 

000637 



NPRNT*NPRTC ( JCYC ) 

000641 



OELT*QTC CJCYC) 

000642 



TFsTFCtJCVC) 

000644 



00 47 J* 1, NT I HE 

000645 



TIMECJ)*TIMCCJCYC, J) 

00 0651 



SPEEOC J)*SPEDC ( JCYC, J) 

000654 

/» 

47 

CONTINUE 

• 

u 

c 

p 


INITIALIZE VARIABLES OF INTEGRATION 

000656 

li 


00 50 J*l» 20 

00 0657 



Y C J ) *0 • 0 

000660 


50 

CONTINUE 

000662 



T = 0 • 0 

000663 

f 


K*NPRNT 


c 

p 


COMPUTE VELOCITY AND ACCELERATION 

00 0664 



vm=o.o 

000665 



V C3 )=SPEEDC 1 ) 

000666 



VC4)=INT1C0ELT/2.,TIME ,SFEEO,NTIHE) 

00 0674 



VC5)=INT1C0ELT,TIME,SPEE0,NTIME) 

000700 



VC6) s INTlC3 ,*9ELT/2, * TIME, SPEED, NT I ME) 

000706 



VC2)=VC3) fV C3)-VC4) 

$000710 



GO TO 70 

* 000711 


60 

VC 1)*VC3) 

000713 



V(3)=Y(li) 

000714 



VC2)*CVC1) fVC3) )/2. 

000717 



V C 4 ) = V (6) 

000720 



V C5 )=INT1 C TfOFLT, TIME, SPEED, NTI ME) 

000726 



V(6)=INTlCT43.*DELT/2. .TIME, SPEED, NT IME) 

000736 


70 

ACl)=CVC4)-VC2))/C3.6*DELT) 

000742 



ACl)=AMINi CA Cl), 9. 8) 

000745 



AC2)=fVC5)-VC3)) /C3.6*OELT) 

000751 

p 


AC2)=AMIN1CAC2),9,9) 


c 

p 


COMPUTE VEHICLE OPERATING CONDITIONS AT MAJOR TIME POINT 

000754 

u 


CALL VEHICCVC3),ACl) ,T,YCOT) 

000757 


105 

00 106 JV= 1,19 

000761 



EKCJV)-YOOTCJV) 

000763 

P 

106 

CONTINUE 


c 

P 


TIME TO PRINT RESULTS - 

000765 

u 


IFCT.EO.TF) GO TO 107 

000767 



<=Kf 1 

000770 



IFCK.LT.NPRNT)GO TO 110 

000772 



K=0 

^000773 


107 

EB* Y C 18) 

1 § 00 0775 



EB2 = Y C 19) 

000776 



PRINT 710, T ,YC11), PSO, CY C J ) , J= 1 , 5 ) ,PMO, PEO, PGO ,PBRK , Y C 6) 




1), YC 14),YC16),EB,PM02,PEC2,PG02,PBRK2,YC7) ,Y C 9 ) ♦ Y ( 1 3) , V C 


i 


3 


1 


f Y C8) »’ \ 

15), YC j 

3 

_ i 

• i 
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2E92 

41^0 1066 



IF(T.LT.TF)GO TO 110 

001071 



01 ST (JCYC) * V 1 121 

001073 



FCONSC JCVC)*Y(16)/VC12) 

001075 



ECONSIJCVC)«EB/13.6*Y( 12)) 

001077 



FCONS2 ( JCYC ) *V 1 1 7) /Y(12) 

00 1101 



ECONS2 f JCYC) *682/ ( 3.6* Y ( 1211 

00 1104 



EC HE (JCYC) *Y (6)/V(12) 

001106 



ECSVS( JCYC)*(Y(6)fV(6) )/V(12) 

001110 



PRINT 940, V (12), FCONSC JCYC) ,FC0NS2( JCYC) ,ECONSf JCYC) ,EC0NS2(JCY 

001126 

r 


IF(T.GE.TF)GO TO 190 


* w 

c 


INTEGRATE T O NEXT TIME STEP 

001131 

U 

110 

TTMP*T 

001133 



DO 170 JV*1 , 3 

001136 



JA*MAX0 (2, JV) 

001137 



IF(JV.EQ.2)GO TO 121 

001140 



TTMP=TTMP^0ELT/2. 

001143 


121 

ot=ttmp-t 

001145 



IF(JV.NE.3)G0 TO 122 

001147 



A(3)*CV(6)- (VTMPfVTMPL)/2. )/(3.6*DELT) 

001156 



A(3)*AFIN1 ( A ( 3 ) , 9,8) 

001161 


CM 

CM 

VTMPL*VTMP 

001163 



VTMPsY(ll) ♦ EK(11MJV-1)*19)*DT 

001172 


130 

CALL VEHICCVTMP, A(JA) ,TTMP,YOOT) 

*101177 


160 

DO 170 JK*1 , 19 

*00 1201 



EK ( JK^ 19* JV ) *YDOT ( JK) 

00 1206 


170 

CONTINUE 

001212 



DO ISO JK* 1,19 

001213 



YC JK)=Y( JK) ♦CELT* (EK( JK) (EK( JKM9) ♦ EKC JK*38) ) ♦EK ( JK^57 ) ) /6. 

00 1224 


ISO 

CONTINUE 

001226 



T=T ♦ BELT 

001227 



GO TO 60 

001230 


190 

CONTINUE 

001233 



FCAV=0.0 

00 1234 



EC A V=0 . 0 

00 1235 



EHEAV=0.0 

001236 



ESYSAVsO.O 

00 1237 

r 


DO 300 JC* l , NCOMP 


Kj 

c 


COMPUTE FUEL AND ENERGY CONSUMPTION ON COMPOSITE DRIVING CYCLES 


c 

c 


FOR MOOES1 ANO 2, 

001240 

U 


FCBARC JC) *0.0 

001241 



FCBAR2 (JC) =0.0 

001242 



ECBAR( JC) *0.0 

001243 



ECBAR2 ( JC) * Q • 0 

001244 



EHEBAR(JC)=0.0 

001265 



ESYSBR(JC) *0.0 

00 1246 



00 260 KC*1,NCYCLE 

aQ 01250 



FCBAR( JC)=FCBAR( JC ) ♦GAMMA ( JC,KC) *FCONS(KC) 

#00 1256 



FC9AP2(JC)*FC9AR2(JC)fGAMMACJC,KC)*FC0NS2(KC) 

00 1263 



ECBAR( JC)*ECBAR{ JC) ♦GAMMA (JC,KC) ♦ECONS(KC) 

001270 



ECBAR2 (JC) =ECBAR2< JC) ♦G A MM A ( JC • KC ) *ECONS2 ( KC ) 
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001276 
. v i 091303 
% '00 1311 


001313 
_ .001320 


001327 
001331 
) 001332 

00.1332 
001334 
001341 
001343 
001344 
001301 

001365 
001365 
^ 001367 


001367 

001375 


001402 

001406 

001411 

001415 

001420 

001424 

001426 

001430 


001432 
001437 
00 1444 
001447 

3t 031474 
m ' 001506 
001516 


EMEBAR(JC) >EHEBAR( JC I f GAMMA (JC«KC)*ECHE(KC) 

ESVSBR( JC) *ESVSBR( JC)+GAMMA( JC,KC)*ECSYS (KC) 

260 CONTINUE 
C 

C COMPUTE RANGE ON MOOE 1 AND CORRECT FUEL CONSUMPTION FOR NON-ZI 

C BATTERY ENERGY USAGE ON MOOE 2, FOR COMPOSITE DRIVING CYCLE. 

C 

RANGE! JC) *EBMAX*MB*OBMAX/( 1000 »*ECBAR( JC ) I 

FCBAR2 (JC) * (FCBAR2 ( JC) *ECBAR( JC) -FCBAR( JC) *ECBAR2 I JC) ) / CECBARC, 
1ECBAR2! JC) ) 

C 

C COMPUTE FRACTION OF TOTAL ORIVING DONE ON MOOE 1 FOR EACH 

C COMPOSITE CYCLE. 

C 

IF ( JC.NE. 1 ) GO TO 265 
OLOMsO. 

GO TO 266 

265 OLOM*OSUP(JC-l) 

266 IF (RANGE(JC) «GT.OLOW)GO TO 270 
RFR AC ( JC)*RANGE ( JC) /OBAR (JC) 

GO TO 280 .. . 

270 IF (RANGE (JC) .GT.OSUP! JC) )GO TO 275 

RFRAC(JC)* (RANGE ( JC ) /O0A R ( JC ) ) * ( t .- (RANGE ( JC) -OLOW) **2/ ( 2. * 
1RANGE(JC)M0SUP( JO-OLOM) ) ) 

GO TO 280 
275 RFRAC( JC)®1 . 

280 CONTINUE 
C 

C COMPUTE MOOE-AVERAGEO FUEL ANO ENERGY CONSUMPTION FOR COMPOSITI 
C ORIVING CYCLE. 

C 

FCMAV(JC)®RFRAC( JC)*FCBAR< JC)* ( l.-RFRAC (JC) ) *FCBAR2(JC) 
ECMAV(JC)®RFRAC( JC) *ECBAR< JCIM1 .-RFRACJ JC))*ECBAR2 ( JC) 

C 

C COMPUTE OVERALL FUEL ANO ENERGY CONSUMPTION. 

C 

FCAV®FCAV*DNC(JC )*FCMAV ( JC ) 

ECAV®ECAV*ONC(JC)*ECMAV< JC » 

EHEAV®EHEAV*ONC( JC)*EHE8AR (JC) 

ESYSAV=ESYSAV*ONC(JC)*£SYSBR(JC) 

FEAV®1000. * FL'ELSG* • 89/FC AV 
HPAV=ECAV/CHGEFF 
300 CONTINUE 
C 

HEEF=EHEAV/ESYSAV 
C ESTIMATE BATTERY LIFE. 

C 

OnAV=ECAV*OSTAV*1000./(EBMAX*M9) 

9LIFE-=0STAV*INT1(00AV,0DISCH,CYCLES,N00SCH) 

PRINT 950 

PRINT 960,(FCBAR(J),FCRAF2 ( J) , ECBAR ( J ), RANGE ( J )« FCMAV (J ) , ECMAV 
1 J=l,NCOMP) 

PRINT 970.FCAV.ECAV.8LIFE 
PRINT 975.FEAV, WPAV 
PRINT 1010, HEEF 
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> 001531 

001531 
001531 
) 001531 

001531 


001531 

001531 

001531 

001531 

001531 

001531 

001531 
001531 
00 1531 
001531 
001531 
001531 

1)01531 

001531 

001531 
00 1531 

031531 

001531 

001531 

001531 

031531 

001531 


031531 

001531 


001531 

001531 



001531 



001531 

001531 


001531 


194 CONTINUE 
200 STOP 
C 

C FORMAT STATEMENTS 
600 FORMAT <I10,6F10.4) 

610 FORMAT (7F10 *4) 

620 F'ORMAT<7IIO) 

625 FORMAT (3I10t2F10.4) 

700 FORMAT <1H0* 4X«4HTIME,6X,5HSPEED,SX«9HSYS • PHR. ,5X«5HA£RO.«7X, 

1 SHTIRES, 7X« 5HOIFF. , 6X, 6H TRANS. , 4X, 10HSYSTEM OUT/7 X. 9HM0T • PHR.. 
23X.9HENG. PHR • « 3X, 9HGEN. PHR. , 3X , 9HBRK. PHR. , 3 X, 9HM0T0R OUT,2X, 
310HENGINE GUT,3X«7HGEN. IN, 6X.6HBRAKES.7X.4HFUEL ,6X,9HBATT . OUT 
710 FORMAT (1H , 6E12.4/6X, 10E 12.4/6X, 10E12.4) 

600 FORMATtlHO, 11HENGINE OATA/1X, 16HI0LE FUEL RATE *,E12.4) 

605 FORMAT < 1H0, 6X.5HP0HER, 11 X.4HBSFC) 

610 FORMAT <1H ,4E16.6) 

811 FORMAT ( 1H0, 20HMOTOR/GENERATOR OATA) 

612 FORMATtlHO, 3X,10HM AX. POMER.6X , 10HMIN. P0HER,6X, 10HMOTOR EFF.,1 
19HGEN. EFF. «5X, 1 3HNO LOAD INPUT) 

815 FORMAT < 1H ,5E16.6) 

820 FORMAT (1H ,2E16.6) 

840 FORMAT (1H0, 12HGEARBOX OATA) 

645 FORMAT 1 1H0, 5X, 12HEFFICIENC Y -,E16.6) 

850 FORMATtlHO, 12HBATTERY OATA) 

855 FORMATtlHO, 6X,4HMASS,7X, 14HENERGY DENSITY, 2X, 15H A V. REGEN. EFF. 

1 1 X , 15HMAX REGEN. EFF.) 

875 FORMATtlHO, 18HAXLE ANO TIRE OATA I 

880 FORMATtlHO, 3X.11H0IFF. R AT 10, 5 X, 10HE FFIC IENCY , 4X 14HR0LLING RAC 
1 ,5X , 25HROLL . RESIST. COEFFICIENTS) 

885 FORMA T 1 1 H ,5E16.6) 

890 FORMATtlHO, 14HVEHICLE MASS =, E 16 . 6, 5X , 19HORI VELI NE INERTIA =,EJ 
1 , 5X, 19H (DRAG COEF. ) *AREA =,E16.6) 

910 FORMAT t IH ,2E16.6> 

915 FORMATtlHO, 14HORIVING CYCLES) 

920 FORMAT I1H0 , 6X , 4HTIME, 1 2X ,5HSPEE0 ) 

925 FORMATtlHl, 27HCONTROL PARAMETERS FOR CASE, 12) 

930 FORMATtlHO, 5X.25HHEAT ENG. SHUTOFF POHER =,E11.4,22H BATT. OI« 
1 LIMIT =,E11.4) 

950 FORMATtlHO, 47HFUEL ANO ENERGY CONSUMPTION ON COMPOSITE CYCLES/: 
113HFUEL - MOOE 1,3X,13HFUEL - MOOE 2,2X, 15HENERGY - MOOE 1,1X, 
214HRANGE - MOOE 1.4X.10HFUEL - A V., 5X, 12HENERGY - AV.) 

960 FORMAT 1 1H ,6E16.6) 

970 FORMATtlHO, 29HYEARLY AV. FUEL CONSUMPTION -.E16.6/1X, 3 4H YEARLY 

1 BATTERY ENERGY OUTPUT - ,E 16 • 6/ 1 X ,23HEXPECTEO BATTERY LIFE *,EJ 
2) 

975 FORMATtlHO, 25HVEARLY AV. FUEL ECONOMY *,E16.6/1X, 

129HYEARLY AV. HALL PLUG OUTPUT =,E16.6» 

940 FORMATtlHO, 16HCYCLE OISTANCE =,E12.4/1X, 28HFUEL CONSUMPTION ON 
IE 1 =,E12.4/21X, 8HMOOE 2 -,E12.4/1X,36HBATT. ENERGY CONSUMPTIOI 

2 MOOE 1 *,E12.4/29X,8HM00E 2 =,E12.4) 

980 FORMATtlHO, IX, 15H0EPTH OF OISCH. ,6X, 10HCYCLE LIFE) 

990 FORMAT (1H0* 24HTRAVEL DISTRIBUTION 0 ATA/ 1 X, 11H A V. USAGE = ,E12.4I 
995 FORMATtlHO, 3X,10HMAX. 01 ST . ,4X , 1 5HFR ACT . OF TOTAL , 14X, 21HDRIVII 
1VCLE HEIGHTS) 

1010 FORMATtlHO, 29HHEAT ENGINE ENERGY FRACTION *,E16.6) 



U A 


t 


GUETA FORTRAN 1.1 • SEMI-AUTO RFL ♦ CO 1-13-731 


B-33 
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000007 


C 

C 

C 

C 

C 

C 


000007 


000007 


000007 

000011 

000011 

000010 

000017 

000071 


000072 

000077 

000031 


000033 
00 00 3*1 
00001*0 
000042 


000043 


JO 0046 


C 

C 

c 


c 

c 

c 

c 


c 

c 

c 


c 

c 

c 


c 

c 

c 


c 

c 

c 

c 

c 

c 

c 

c 

c 


SUBROUTINE VEHIC CV.A.T.YOOT) 

VEHIC COMPUTES POWER REQUIREMENTS ANO LOSSES PROM REAR WHEELS 
THROUGH ENGINE 

OATA IN COMMON - 

COMMON RTIRE,0RATI0,C0A,CTIREl,CTIRE2.VHASS,DLI,EHU0.EMUT.NPWR v 
1PHE 120 ) ,BSFC (20 1 , PHEZRO, PHEMAX, PMMAX, PMM IN* EMUM, EMUG.EMURG .EMUR 
2E8MAX, WB.NTC C3I , TIMCI3, 700) .SPEDCC3, 700) .PEOMIN.OBHAX.NC VCLE, 
3TIMEC200), SPEEOC 200 > • NPRTC (3> . OTC (3) ,TFC(3» 

4.FCI0LE.PINNL0 .. 

VARIABLES IN COMMON - 

COMMON FA.FR.FAC.FNET.TOO, TTO, RPMOO.RPMT 0. VMASS2. SKALE *PS0 «PEO. 
1PE02,PN0.PM02,PG0,PG02,P0RK,PBRK2,FC,P0,PT 

REAL YOOTI 201 .INTI, I NT 2 

COMPUTE SPEEOS ANO LOAO-INOEPENOENT LOSSES THROUGH DRIVE TRAIN 
VMPSsV/3.6 

RPMOO*9. 5492967* VMPS/RTI RE 
RPMTO=RPMOO*ORATIO 

COMPUTE ROAD LOAO POWER REQUIREMENTS 
AEROOYNAMI3 - 

FA=0.6125*COA*VMPS**2 

PA=FA*VMPS71000. 

YOOT Cl) -PA/1030* 

ROLLING RESISTANCE - 

FP*9« 807 *V MASS* CCTIRE1 *CTIRE2*VI 
PR*FR*VMPS/1000. 

YDOT C 2) =PR/ 1000 • 

ACCELERATION - 

FAC s VMASS2* A 
FNETsFAfFRfFAC^FG 
TOO=FNET*RT IRE 
IF(FNET.LT.O.O»GO TO 200 

NON-MEG. NET DRIVING FCRCE TO THE WHEELS IS NEEDED 
DIFFERENTIAL - 

TTO=TOO/CEMUO*CRATIO> 

TRANSMISSION - 

°SO=TTO*RPMTO*D. 000 10471 57/EMUT 
IS CAR AT REST ANO IDLING - 


1 


f 
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100051 

r 

000063 

000064 

000065 

000066 

000067 

000072 

000072 

000073 

000074 

000101 

000101 

000103 

000103 

000105 

000106 

000112 

000112 

000113 

000114 

000116 

000120 


000121 

000124 

000127 

000130 

000131 

000132 

000133 

000135 

000136 

000137 

000137 

000141 

090142 

000143 

000145 


000146 

000147 

000150 

000151 

000152 

000153 


000154 
X 00155 
i)0 0 156 


000157 


c 

IF(ABSfVNPS) .IT. 0.2. AND. ABStA) .IT. 0.1)00 TO 300 

c 

PBRK*0.0 

PGO-O.O 

PRRK2*0.0 

PG02«0.0 

ZFfPSO.GT.PECNINIGO TO 100 
PEO*0» 0 
PHC«PSO 
GO TO 120 

100 IF (PSO*GT» t PMMAX+PEOMIN) (GO .TO 110 
PEO*PEOMIN 
PMO»PSO-PEOMIN 
GO TO 120 
110 PEO«PSO-PMHAX 
PMO«PHNAX 

120 IFIPSO.GT.PHENAXIGO TO 130 
PE02*PS0 
PH02*0#0 
GO TO 140 
130 PEC2>PHEMAX 
PH02*PS0-PE02 
140 GO TO 400 
C 

C NET ORIV1NG FORCE AT WHEELS IS NEGATIVE 
C 

200 TTO*TDO*EMUO/ORATIO 

PSO*TTO*RPHTC*0. 000 104 7157 *EMUT 

PMOsO.O 

°EO«0»0 

*»H02s0.0 

PEO2s0.0 

IF (PSO.LT.PMFIN1 60 TO 230 
PGOsPSO 
PG02*PS0 
GO TO 240 
230 PGO=PMMIN 

PBRKsPSO-PMHIN 
PG02=PMMIN 
P9RK2sPBRK 
240 GO TO 400 
C 

C CAR IS AT REST ANO IDLING 

C 

300 A= 0 • 0 

VMPS=0.0 
PRRK*0.0 
PBRK2-0* 0 
PSOsO.O 
PM0= 0 • 0 
PM02=0 • 0 
PFO=0.9 
PFO 2 = 0. 0 
TTO=0.0 


9 


t 


G3LET ft FORTRAN 1.3 • SFNI-AUTO RFL • (01-10-73) 


B-35 

VEHIC 


•000160 

) 


> 000161 
000162 
000164 
000164 
000171 
000179 
000176 
000177 
000204 
> 00 0207 

000211 
000217 

i 000222 
000223 
000225 
000226 
000230 
000231 
000233 
000235 
000237 
000240 

f 300242 
000243 
000245 
000247 
000256 
000265 
000266 


T00*0.0 

C 

C COMPUTE ENGINE FUEL RATE ANO DERIVATIVES OF VARIABLES 
C 

400 IF (PEO.NE* 0 aOIGO TO 410 
FC«FCIOLE 
GO TO 420 

410 FC*INTl(PEOtPHE*BSFC«NPMR)*PEO 
420 IF (PE02»NE» 0.0) GO TO 430 
FC2-FCIOLE 
GO TO 440 

430 FC2*INTl IPEOZfPHEt BSFC *NPHRI*PE02 
440 PO«TOO*RPMOO*0» 000 104719 7 
PT«TTO*RPMTO*0. 000 104719 7 
TOOT (3)»ABS CPT-POI/tOOO. 

Y00T(4)*ABS IPSO-PT) /10 00 • 

YDOT!5)*PSO/1000 • 

TOOT <6>*PMO/1000. 

TOOT (7 )*PMO 2/1000* 

TOOT C 01 *PEO/1000. 

TOOT C9) *PE02/1000. 

TOOT (10 1 *PG 0/1000* 

VOOT C11I*A*3.6 
YQOTC12MVMPS/1000. 

TOOT (13)=PG02/1000. 

YfJOT (14)=P8RK/10Q0* 

YOOT(t5)sPBRK2/tOOO. 

YOOT(16)«FC/3600. 

YOOT(17)*FC2/3600* 

YOOT (l8)s|PINNLO»PMO/EMU^fFCO*EMUG*EMURGI/iOOO. 

VOOT C 19) S <P I4NL0»PM02/EMU»OPG02*EMUG*EMURG2) / 1000 • 

RETURN 

ENO 


: 

i 




GOLETA FORTRAN 1.5 • SEMI-AUTO RFL • <01-13-73) 


000007 

000007 

000011 

000012 

C00013 

000015 

000020 

000022 

000924 

000040 

000041 


REAL FUNCTION INTI <EX,X, T.NX) 

REAL X <200) t V 1 200) 

IF <EX.GE.XI 1) )GO TO 5 
JRT»2 
GO TO 20 
5 00 10 J*l*NX 

IF <EX.LT.X(J))GO TO 15 
10 CONTINUE 
15 JRT«J 

20 INT1«Y<JRT-1)MEX-X< JRT-1) )* <T <JRT) -Y < JRT-1) ) / <X< JRT)-X< JRT-1) 
RETURN 
ENO 


B-3? 


GOLETA FORTRAN 1.3 • SFMI-AUTO RFL ♦ 10 1-10-731 


REAL FUNCTION INT2 IEX.MMV.X ,V>, Z.NX.NV) 

C 

C INT2 INTERPOLATES IN TWO VARIAVLES INTERPOLATION SURFACE IS A 

C RULEO SURFACE. 

C 

REAL X(20l«Vt20).Z(20.20> 

IFtEX.GE.xmiGO TO 9 
JLEFT*1 
GO TO 20 
9 00 10 J*1 » NX 

IF1EX.LT. XtJMGO TO 15 
10 CONTINUE 
15 JLEFT« J-t 

20 IF (HHY.GE. Y (1) ICO TO 25 
J90TM*1 
GO TO AO 
25 00 30 J*l* NY 

IF(WHY.LT.V(J))GO TO 35 
30 CONTINUE 
35 JBOTM* J-l 

40 RX*fEX-X|JLEFT» 1 /CX t JLEF T^l) -X (JLEFTl > 
RY*IWHY-VCJBCTMI)/1Y(JB0TM^1)-VIJB0TM1) 

RXRYxRX*RY 

Wlsl.-RX-RV*RXRY 

W2sRY-RXRY 

W3*RXRV 

VIAxR X-RXRY 

INT2*Nl*7l JLEFT, J80TH1 *W 2* Z < JLEFT .JBOTM* 1 ) *H3* Z < JLEF T H .JBOTM* 
1 ♦W4*ZI JLEFT fl. JBOTM) 

RETURN 

END 


t 


I 


000012 

000012 

000014 

000015 

000016 

000020 

000023 

000025 

000027 

000032 

000033 

000033 

000035 

000040 

000043 

000045 

000052 

000056 

000060 

000063 

000065 

♦ 000066 
000067 

000110 

000110 
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CONTROL PARAMETERS for CASE l 


MEAT ENG, SHUTOFF POWER =• 1.00006*01 9ATT. OISCH. LIMIT 2 8.003GF-Q1 * 

ENGINE DATA 

IDLE FU^L NATE =0, ^ 


POWER 

8.7533046-01 
t .7506616*09 
2.6326736*00 
J. 5013226*00 
5.2S19826*00 
7* 0 393256 *G 9 
t. 05 1065E*-91 
1.401865E*01 
1.7519976*0 1- 
2.6?668?F*01 
3.3904026*01 
4. 2 37090E *01 


9SFC 

1.7650006*03 
9. 1390 0 QE*fl 2 

6*09000 OE *02 
4*9000 006*02 
3.6300006*32 
3.3500006*02 
2*6 390 006*32 
2.6500 0 0£*>0 2 
2.8300906*02 
3.2730006*02 
3.4790006*02 
5.5300006*02 


••'JTOP/GENE’ATOR * 3 A T A 


I 


\ 


MAT* POWER 
2.8240006*01 


MIN. POWER 
-2.8240906*01 


MOTOR EFF. 

8.7 CO 0006*0 1 


GEN. EFF. NO LOAD INPUT 

8*7 00 QQOE-81 l *5 09 008E* 0 9 


MASS FNFo&T 3ENSITT A V. 9EG£N. EFF. MAX REGEN. EFF. 

?.4?a000EO? 5.0030906*91 6.3 C0000E-01 8.5038036-01 


VEHICLE MASS = 


2.3*40056*13 


ORIVELINE inertia 2 


6. 6290 00E *00 


CORAG COEF.|»AREA 2 


8.72A99AE-31 


time speed 

MOT. PWR. EN C. PWR 

. 0 . 

0. 

0. 

*90 1.0 792E *0 l 

94356*00 9. 

5.9405E 

*00 1.61106 »01 
12346*00 0. 

7.1234F 

♦00 1.90546*01 

496 9 F * 09 3. 

6.49606 

♦GO 2.l' 1 64f*0l 
51606*00 0. 

7.51416 

♦01 *.45t46*0l 

57566*00 9. 

5.5756E 

♦01 2.61676*01 

9847E* 00 0. 

5. D8476 

♦01 2.783^6*01 

31716*00 0. 

€• <9716 

*01 2.15196*01 

•!S66*nO 0 . 

6. *! 666 
•91 


9. 

0* 

2 . 0000 E 

5 
0 

4.0000E 

7. 

0 

6.9000r 

6 
J 

8. 13016 

7 

9 

1.00006 

c 

9 

1.2090E 

5. 

0. 

t. 40096 

6 . 

9. 

1.60996 


I • 9 09 9* 


SYS. PWR. 

GEM. PWR. 

9 . 0 

0. 

0. 

5.14356*00 l 

0. 

♦09 3. 

7.t234E*00 7 

0. 

*90 0. 

6.41606*09 1 

0. 

• 09 0. 

*.51606*03 3 

9. 

• 00 0. 

5.57566*03 6 

0. 

•91 3. 

5.18476*00 t 

0. 

♦ CO 0. 
6.31716*00 l 

0. 

• 00 0. 

€.91666*00 2 

1. 

•91 0. 

*. 242*6*01 ? 


AERO. TIRES QI 6 F. TRANS. 

8 R<. PWR. MOTOR CL-T ENGINE OUT GEN, 
• 0 . 0 • 0. 

0* 0. 3. 3 . 

Q. 0. 0 . 0 . 

.14176-05 7. 61106-04 4.32646-04 1.40526- 

0. 1.17556-02 0 . 0 . 

o- 0. 1. 17556-92 «. 

.01316-05 2,20746-03 9. 91076-04 2.15626- 

C- 2.69536-32 O. 0. 

0. 0. 2.69536-02 0. 

• 1603E-0 4 4.27756-03 1.43536-03 3.12026- 

0. 3. 90026-02 0 . O. 

0- 0. 3.9002E-02 O. 

.14536-04 6.59506-03 1.15076-03 4.24076- 

0. 5.10016-02 0. 0 . 

0- 0. 5. 30016-02 0. 

.87406-04 9.23496-03 2.U807E-0J 5.39206- 

0- 6.74106-02 0 . 0 . 

0. 6.74136-02 0. 

.06316-03 1.20986-02 2.90376-03 6.31256- 

0- 7.09066-02 8. 0. 

°* 0. 7.09066-02 O. 

.51126-03 1.51496-02 3.5593C-OS 7.30286- 

0 • 9.1285F- 22 3. 9. 

0- 0. 1.12856-02 0. 

.05106-0 3 1 „ 93806 -02 1. 04556-0 1 A.JS98E- 

C. t • 345 3 6-01 J. 3. 

0- 0. 1.04536-31 0. 

.69056-31 2.IM6E-87 4.16296-0 1 1.49*56- 


STST6M OUT 
IN 5RAC6S 

0 . 

0. 

0 . 

04 1.17566-12 

I. 

I. 

03 2.69536-02 

0 . 

0. 

03 3.90026-32 

0. 

0 . 

03 5.30096-02 

C. 

0 . 

•1 6.74106-02 

0 . 

c. 

•3 7.09066-02 

0 . 

0. 

05 9.12856-02 

0 . 

0. 

03 l • 04506*01 

0. 

0 . 

61 t . 10566-01 


FU6L 

0. 

I. 

0. 

1.17546*00 


2.55426*00 


3.76376*00 


5.07256*00 


6.40506*00 


7.50766*00 


0.01516*00 


1.00566*01 


MATT. OUT 

9. 

0. 

1. §5136-02 

3.00006- 03 

3.69006-02 

§•00006-03 

5.30306-02 

9.00006- 03 

7.29306-02 

1.20006-02 

9.24036-02 

1.50006-92 

1.00706-91 

1.00 886*02 

1.25936-01 

2.10006-0? 

1.44H6-01 

2.40006-02 


03 

I 
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THE’ MARKET POTENTIAL FOR HYBRID VEHICLES 


EXECUTIVE SUMMARY 


This study used the Whavton EFA Motor Vehicle Model to analyze 
the market potential for "hybrid" vehicles: cars possessing both 

gasoline engines and electric motors. Sales volume was predicted 
under a range of alternative scenarios to examine the forecasts' 
sensitivity to particular assumptions. 

The basic proposition underlying this study is that the hybrid 
technology can be proven to be both technically and economically 
feasible for mass production and sale, together with the provision of 
the required recharging facilities, in time to be offered for sale in 
1985. The second basic premise is that the traditional U.S. auto 
market segments will continue to be valid as distinct marketing 
"targets" for different car models designed to meet different tastes, 
perceptions, and budgets. 

The results of this study suggest that under certain condi- 
tions there is a significant market for a range of hybrid automobile 
models, and that the potential savings in petroleum fueld usage in the 
long run are substantial 

Key findings are: 

1. The added cost of hybrids is very important: a price 

differential in the 25Z to 40Z range yields a market snare 

of 25Z, with volume of between 3 and 4 million units 
annually; a 45Z-80Z price differential produces only a 5Z 
share, with volume less than 1 million units. 

2. Maximum hybrid sales would occur if manufacturers had to 

replace all mid-size and larger vehicles with hybrids due 
to stringent CArE and emissions requirements after 1985; 
this could yield a 45Z market share, with sales of 5-7 
million, although total domestic sales would be lower. 

3- The real price of gasoline is critical: each 1Z change 

produces almost a 1Z change in hybrid sales; for real 
electricity prices, the effect is almost exactly half as 
important. 
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4* The .most effective way to maximize hybrid sales la with 
models Id each market segment: even though large cars 

benefit the most, the size of the mld-slze/lntermedlate 
segment established in the U.S. market makes this a 
significant potential Bource of hybrid sales. 

* 5* The long-term petroleum fuel savings are very substantial 
and very sensitive to the hybrid's sales volume as well as 
to gasoline prices: our baseline hybrid forecast suggests 

annual fuel savings of over 11 billion gallons by 1995, a 
14% reduction. 
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* REVIEW OF FORECAST RESULTS 


The first major lssus Is one of price* The additional cost 
for the electric motor end its components Is obviously subject to a 
wide band around a particular estimate. The two "typical" vehicles 
specified as possible electrification candidates were the 1978 Ford 
Fairmont, a mid-size by 1985 standards, and the 1978 Ford LTD, a 
fulls ize/luxury car currently slightly larger than the projected 1985 
luxury cars. 

The low estimates of increased price were specified as $2 .000 
and $1.750 . respectively. The larger car is estimated to be cheaper 
In absolute terms as its suspension, etc., are already adequate for 
the Increased weight. The high price estimates are specified as twice 
these values, $4.000 and $3,500 . respectively. In order to maintain 
these estimates in constant dollars over the forecast period, we 
expressed the price changes in percentage terms, as follows: 



"Midsize" 

"Fullsize" 

"Luxury" 


(1978 Fairmont) 

(Wharton Estimate) 

(1978 Ford LTD) 

Base Purchase 
Price with Options 

$ 4,641 

$ 

$ 7,297 

Average Tax 

226 


355 

Freight Charges 

268 


292 

Total Price 

$ 5.135 

$ 

$ 7.944 

For Hybrid Parts 




Low Price 

$ 2,000 

39%-' 

$ 

$ 1.750 

Z Increase 

33Z 

22Z 

High Price 

$ 4,000 

$ 

$ 

Z Increase 

78Z 

67Z 

44Z 


~ Since the Fairmont is at the lower end of our average 
compact /mid-size price range, and the LTD is priced intermediate 
between our average fullsized and luxury cars, these percentages may 
be slightly on the high side. On the other hand, it is likely that 
the additional hybrid cost would be varied according to the car's 
price. 


•* 
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Of course, given traditional marketing strategies, it is not 
implausible that, the more expensive cars would be used to subsidize 
the cheaper, implying more nearly equal increases, or that non-hybrids 
might initially be used to subsidize some of the hybrids' costs. 


The Scenarios 


Severe Regulation 

This presupposes increased pressure to raise ChFE's by a 
significant amount, probably implemented with formal legislation. At 
the same time, further downsizing after 1985 would be very problematic 
and of limited applicability. In addition, emissions standards by 
that time can be expected to pose severe constraints on technical 
changes to Internal combustion engines. Bence, the hybrid technology 
becomes the major option, and i r is assumed that domestic manufactur- 
ers change all their mid-size, fullsize, and luxury models to hybrids, 
at the low price differential — -to encourage sales. 


Low Price Bedonlc Shares 


This scenario is a "free market" prediction of the hybrid 
shares by segment, using an hedonic share estimation procedure to 
predict the hybrid share of the "desired" (long-run) mid-size, full- 
size, and luxury shares (see Methodology). This recognizes the 
Importance of non-price attributes in the demand for hybrids. The low 
price increases are assumed to apply. 


High Price Hedonic 

This scenario is the same as the previous, but with the high 
price Increases applied. 

Since hybrid sales were so poor under the High Price assump- 
tions, the remaining scenarios utilize the "Low Price Hedonic" results 
as their "baseline" or starting point. 


High/Low Gasoline Prices 

Gasoline prices per gallon are varied by +30Z to -30Z compared 
to the Low Price Hedonic assumptions. 
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High/Low Electricity Prices 

Electricity prices per KWH are varied by +30% to -10% compared 
to the Low Price Hedonic aa sumption* 


The Results 


The following charts and tables summarize the forecast results 
under the different scenario conditions. A complete discussion of the 
underlying macroeconomic and demographic forecasts, and the results 
for the rest of the market, along with the output tables for the 
hybrid forecasts, are presented later In the report* 

For each forecast, we have phased-in hybrid sales progressive- 
ly over a five year period, 1985-1990* Hybrid mass production cannot 
start until 1985 at the earliest, and It would be unreasonable to 
immediately start with large-scale production. Rather, like the 
diesels, the process can be expected to extend over a four to five 
year period* 

Not surprisingly, the Severe Regulation scenario produces the 
greatest demand for hybrid vehicles, in total and within each class* 
Total hybrid new registrations rise to 5*5 million by 1990 and grow to 
ovsr 7 million by 2000, with over 45% of all sales being hybrids. 
Th s "forced" conversion it. not without its side effects: as a result 
of witching all mid-size, fullsize, and luxury to hybrid models, a 
significant increase in small car sales occurs, both domestic and 
foreign, as buyers switch to cheapen cars* Since some of these are 
imports, total domestic sales of all types decrease--f rom 10.3 million 
in 1990 "before hybrids" to 9*8 million, a 5% drop. 

In contrast, the Low Price Hedonic scenario (also labeled 
"Baseline" in the accompanying graphs) results In hybrid sales of from 
3 to 4 million, approximately 25Z of the total market. Hence, we see 
that the potential demand for hybrids at the lower price increase is 
quite good, despite their cost disadvantage. In fact, however, in the 
low price case, the fuel savings do provide a substantial offset: 
compared to their conventional counterparts, the mid-size hybrids 
capitalized cost per mile is 10% to 11% higher, the fullsize 9% to 10% 
higher, and the luxury only 6% to 7% higher. 

These differences increase massively in the "high price" case, 
however, almost obliterating hybrid sales, and leaving them at only 
slightly over 0.5 million units annually . This is not surprising 
since the price differentials are so great, and the hybrid capitalized 
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HYBRID VEHICLES NEW REGISTRATIONS 
(million*) 


Scenario 1985 1990 1995 2000 


Severe Reeulatlon 

0.6 

5.5 

6.6 

7.1 

Low Price Hedonic 

0.6 

3-3 

3.7 

3.8 

Hieh Price Hedonic 

0.1 

0.6 

0.7 

0.6 

Low Price Hedonic with 





(and % chanee): 





Low Gas Prices 

0.6 

2.4 

2.6 

2.6 

(-30%) X chanee 

— 

-28% 

-30% 

-32% 

High Gas Prices 

0.6 

4.1 

4.7 

5.0 

(-1-30%) X chanee 

— 

+25% 

+28% 

+30% 

Low Electricity Prices 

0.6 

3.4 

3.9 

4.0 

(-10%) % chanee 

— 

+4% 

+5% 

+5% 

High Electricity Prices 

0.6 

2.8 

3.1 

3.2 

(+30%) % chanee 

— 

-14% 

-15% 

-16% 



TABLE 

2 



HYBRID 

VEHICLES 

IN OPERATION 




(millions) 



Scenario 

1985 

1990 

1995 

2000 

Severe Reeulatlon 

0.6 

17.2 

44.5 

61.0 

Low Price Hedonic 

0.6 

12.2 

27.1 

34.4 

Hieh Price Hedonic 

0.1 

2.1 

5.0 

6.2 

Low Price Hedonic with: 





Low Gas Prices 

0.6 

8.4 

18.9 

23.9 

Hieh Gas Prices 

0.6 

14.5 

33.7 

44.0 

Low Electricity Prices 

0.6 

12.6 

28.2 

36.1 

Hieh Electricity Prices 

0.6 

10.7 

23.2 

29.1 
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cost* per mile are 27Z, 24Z, and 18Z higher, for Che old-size, full- 
size, and luxury classes, respectively. Hence, the cost differential 
triples, and sales fall 80Z. Given the availability of close substi- 
tutes within each class as well as between classes, this high response 
elasticity Is not too surprising. 

% 

Using the Low Price Hedonic forecast, we now ereolne the 
sensitivity of hybrid sales to fuel costs: both gasoline and elec- 

tricity. The importance of the gas price is dramatically illustrated. 
If we assume a more rapid rate of price increases over the 1985-1990 
period such that by 1990, the gas price is 30Z higher, hybrid new 
registrations are almost 30Z higher . As noted later on, the base case 
gasoline price assumptions are already very high. A 30Z higher level 
would thus represent almost crisis proportions (not only for transpor- 
tation but for the economy in general). Of special Interest here is 
that total new car registrations decline due to high gas prices— for 
instance, domestic new registrations fall to 9*9 million in 1990, so 
that hybrids increase their share of total new registrations (to 
one-third) . slightly more than their volume increase. They would 
account for 40Z of domestic sales in this scenario. 

The Low Gas Price scenario has essentially symmetrical results 
in the opposite direction. Total sales increase, the hybrid share 
drops, and again the elasticity of response is around unity : a 

1Z change in hybrids for each 1Z change in the real price of gasoline. 

Changes in electricity prices are naturally lees significant 
than gasoline, but still have substantial effects: each 1Z change in 

real electricity prices yields a 0.5% change in hybrid sales, lower 
prices yielding higher sales. 

The mid-size/intermedlate segment of the market is too impor- 
tant to Ignore as Table 4 shows. Despite the fact that the larger 
cars benefit more from "hybridization" and are relatively more cost 
effective, the total price and the capitalized cost per mile of 
mid-size hybrids are both lower than the f ul Is ize/luxury hybrid 
models, and the size of the total mid-size market — one-third of 
domestic sales— makes this too important to ignore. In general, 
mid-size hybrids take a smaller share of the mid-size market than the 
large hybrids do of theirs, but mid-size hybrids account for between 
41% and 49% of all hybrids in 1990 depending on the scenario. The 
hip' - r the purchase cost differential, the lower the mid-size share of 
hybrids, while higher gasoline and electricity prices boost the 
mid-size share. 
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HYBRID SHARES OF NEW REGISTRATIONS 

(X) 


Scenario 

1985 

1990 

1995 

2000 

Sever* Result t Ion 

5.2 

45.5 

45.9 

45.0 

* 

Low Price Hedonic 

5.2 

26.3 

25.6 

24.2 

High Price Hedonic 

0.5 

5.2 

4.6 

4.0 

Low Price Hedonic with: 





Low Gai Prices 

4.9 

18.7 

17.6 

16.3 

Hleh Gat Price* 

5.1 

33.4 

33.0 

32.0 

Low Electricity Prices 

5.2 

27.6 

26.8 

25.6 

High Electricity Prices 

5.2 

22.5 

21.6 

20.3 



TABLE 

4 



MID- 

SIZE SHARE OF 

HYBRID 

SALES 



(2) 




Scenario 

1985 

1990 

1995 

2000 

Severe Resulation 

48.7 

48.4 

50.6 

52.1 

Low Price Hedonic 

48.7 

47.8 

49.0 

50.5 

High Price Hedonic 

49.2 

40.7 

40.9 

42.2 

Low Price Hedonic with: 





Low Gas Prices 

51.6 

47.3 

48.2 

49.7 

Hish Gas Prices 

49.9 

48.9 

50.1 

51.6 

Low Electricity Prices 

48.7 

47.5 

48.9 

50.5 

High Electricity Prices 

48.7 

48.5 

49.4 

50.9 
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TABLE 5 

GASOLINE CONSUMPTION 
(billion gallons) 


Scerarlo 

1985 

1990 

1995 

- 2000 

Control - No Hybrids 

79.5 

76.2 

82.6 

93.7 

Severe Regulation 

79.5 

69.3 

62.6 

64.4 

Low Price Hedonic 

79.5 

71.3 

70.8 

77.7 

High Price Hedonic 

79.6 

75.3 

80.4 

90.8 

Low Price Hedonic with: 





Low Gas Prices 

90.2 

82.7 

84.4 

93.8 . 

High Gas Prices 

72.4 

64.1 

61.8 

66.6 

Low Electricity Prices 

79.5 

71.2 

70.4 

77.0 

High Electricity Prices 

79.5 

71.8 

72.4 

80.0 



TABLE 

6 



HYBRID 

ELECTRICITY CONSUMPTION 
(billion KWH) 


Scenario 

1985 

1990 

1995 

2000 

Severe Regulation 

1.71 

82.78 

255.22 

391.07 

Low Price Hedonic 

1.71 

60.73 

156.81 

222.38 

High Price Hedonic 

0.18 

10.0 

28.94 

40.53 

Low Price Hedonic with: 





Low Gas Prices 
High Gas Prices 

1.78 

1.52 

45.41 

66.07 

120.22 

180.25 

170.03 

262.81 

Low Electricity Prices 
High Electricity Prices 



164.75 

131.0 

235.22 

183.76 


C-i 
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Finally, we examine the implications for fuel use of hybrid 
sales* The petroleum fuel savings are a joint function of hybrid 
sales and gasoline prices. As shown in Table 5, the Severe Regulation 
scenario saves 20 billion gallons per year by 1995 (24%)* The baseline 
Low Price Hedonic also saves substantial amounts — over 11 billion 
gallons} However, 3035 lower gasoline prices would then increase 
conventional vehicle sales of less efficient vehicles, encourage more 
driving, and would be sufficient to completely offset the savings from 
hybrid vehicles. Interestingly, 30% higher gasoline prices, with 
low-priced hybrids, would yield the same results as enforced regula- 
tion of sales in the Severe Regulation scenario. Electricity prices 
have a slight effect, a 30% increase raising gasoline consumption by 
2.3%—an elasticity of under 0.1%. 


ORIGINAL PAGE IS 
OF POOR QUALITY 
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A GUIDE TO CONCEPTS AND MEASURES USED TrI 
THE WHARTON EFA MOTOP VEHICLE MODEL 


"CARS IN OPERATION. YEAR-END” 

(See Tables 1.00, 4.00 - 5.20, MID-YEAR estimates in Tables 6.00 - 7.10) 


Derived £rom R. L. Polk's estimates, adjusted to exclude compact 
passenger vans (Sportvan, Clubvagon, VW Bus, etc.). Lower than total 
registrations, which double-counts cars registered in more than one 
state and includes cars registered but scrapped. Vintage estimates 
are based on a twenty year life and vintage-specific survival pro- 
babilities, which vary over time with a given distribution. Vehicles 
by class and by domestic or foreign origin are derived from applying 
the same survival probabilities to the sales of each class. 


"RETAIL SALES", and "NEW REGISTRATIONS" 

(Tables 1.00 - 3.20) 

Both exclude compact vans, and adjust for missing data. New registra- 
tions are cars put into use, therefore, are slightly lower than 
reported sales, and lag ther. by 1-2 months. New registrations detail 
is better and provides the data for the distributions by class and 
domestic versus foreign. 


"SCRAPPAGE" 

(Tables 1.00, 8.00, 801) 

Historically, estimated by identity, given stock and new registrations 
data. Total scrappage is forecast behaviorally, allocated by vintage 
with the "normal" survival probabilities, and allocated by class based 
upon class shares in the stock. 


"VEHICLE MILES" 

(Tables 1.00, 9.00, 9.01) 

Taken from Highway Statistics, these are for cars only, excluding 
motorcycles. Urban and rural travel are predicted separately due to 
their very different trends. 
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"MPG ESTIMATES” • 

"TOTAL FLEET MPG (WEFA)", "NEW CAR FLEET MPG (EPA)", "DOMESTIC", 
"FOREIGN", "MPG (WEFA)", "MPG (EPA)", (Tables 1.00, 14.00 - 15.10) 

WEFA estimates are actual "on-road" performance, based on a massive 
database of individual car road tests by CONSUMER REPORTS . City and 
highway estimates and forecasts are based on vehicle curb weight, 
engine displacement, cylinders, transmission type, and technological 
changes. New car fleet estimates are sales-weighted class estimates. 
The total fleet estimate is a vintage stock-weighted estimate of past 
mpg's allowing for lower miles driven by older cars. It is consistent 
with the "Highway Statistics" average. The EPA estimates are also 
based on individual car drive-cycle results, city and highway being 
predicted by the same auto characteristics as the WEFA estimates. The 
class averages are 55-45 weighted, and sales-weighted to yield new car 
fleet estimates. 


SIZE CLASSES 


Five sizes are distinguished: 

Subcompact - up to 100" wheelbase ( historically ) : 1975 average curb 
weight “ 2803 lbs. domestic, 2392 lbs. import; 1985 prcjections 2''’0, 
2094; perceived as "tight" 4 passenger, primarily for 1-2 passfnger 
travel, increasingly so by 1985. 


Compact - 100" to 111" ( historically ) ; 1975 average curb weight » 3429 
lbs. domestic, 2882 lbs. import, 1985 projections 2700, 2698; "roomy" 
4 passenger, becoming "tight" 4 passenger. 


Mid-Size (Domestic only) - 111" to 118" ( historically ) : 1975 - 4170 
lbs., 1985 - 3000; roomy 4-5 passenger, becoming 4 to "tight" 5; 
sportier /powered-up compact and "stripped"/low power fullsize substi- 
tutes, very few V8's (152). 


Fullsize (Domestic only) - over 118" ( historically) ; 1975 ■ 4656 lbs., 
1985 " 3200; 6 pasenger cars, becoming 5 to "tight" 6 by 1985, few 
V8's (20%), much lower power. 


Luxury - classified by price; domestics are fullsize dimensions 
(except Corvette), foreign vary widely in size. Curb weights: 1975 

domestic - 5022 lbs., foreign = 3595, 1985 domestic ** 3500, foreign = 
2808. Domestics are higher quality, more luxurious, fullsize, more 
power, more options and V8's. Foreign correspond to more luxurious 
compact-size cars. 
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METHODOLOGY 


Our primary approach to this study was to modify the existing 
Wharton. EFA Motor Vehicle Model to allow for the inclusion of hybrid 
vehicles and to utilize pre-existing empirical work relevant to the 
market penetration of a new technology. 

The Motor Vehicle Model predicts the desired composition of 
the vehicle fleet , divided into eight classes: foreign subcompact, 

domestic subcompact, foreign compact, domestic compact, mid-size, 
fullsize, foreign luxury, and domestic luxury. The desired share 
equations are based upon 1972 cross-sectional state data, with each 
class share a function of Income variables, family size variables, 
population age distribution, and. the class cost per mile relative to 
competing (substitute) classes.— 

The procedure followed here is to first predict or assume 
the "desired" hybrid shares of each market segment, for mid-sir.e, 
fullsize, and luxury domestics. Given the hybrid shares, the model 
then proceeds normally, consistently predicting desired shares for all 
mid-size, fullsize, etc. These then enter the predictions for desired 
stock, and the new registrations shares. Together with the predic- 
tions of total new registrations and scrappage, these yield hybrid new 
registrations and stocks by class. 

In performing this analysis, we computed capitalized cost per 
mile measures for the hybrids corresponding to our methodology for 
regular cars. We assumed that repair, insurance, and other non-fuel 
operating costs would be proportionately similar to non-hybrids. Fuel 
costs were computed under the admittedly simplifying assumptions of 
all highway use being with the gasoline engine, at the same miles per 
gallon as non-hybrids, while 60% of urban driving was performed 


— The Wharton EFA Motor Vehicle Model is fully documented 
in George R. Schink and Colin J. Loxley, An Analysis of the Automobile 
Market: Modeling the Long-Run Determinants of the Demand for Automo- 

biles . February 1977, and in Colin J. Loxley, Tim Osiecki, Kate 
Rodenrys, and Sheela Thanawala, Revisions to the Wharton EFA Auto- 
mobile Demand Model . The Wharton EFA Motor Vehicle Demand Model 
(Mark 1), draft, June 1978, both reports prepared by Wharton EFA for 
the Department of Transportation, Transportation Systems Center, 
Cambridge MA. 


B-99 


WHARTON EFA.1NC. 



using the electric motor* at 1*6 miles, per KWH for mid-size, and 1.3 
miles per KWH for fullsize and luxury.— Overall, these assumptions 
probably slightly favor the hybrids. 

The analysis assumes that hybrid sales and scrappage adjust at 
the same speed with respect to the gap between desired and actural 
stocks as the non-hybrids of the corresponding class. It is also 
assumed that the survival probabilities by vintage are equal. On this 
basis, the vehicles in operation computation is modified to include 
hybrids, and the new domestic EPA mpg and total fleet average mpg 
identities are calculated with the hybrids included. 

The final modification was to the urban vehicle miles equa- 
tion. Miles per vehicle are a function of the "real" fuel cost per 
mile, real disposable income per capita, and the ratio of urban 
licensed drivers to total vehicle stock. The fuel cost term was 
modified to reflect the combined gas and electricity costs, yielding a 
specific hybrid urban mileage forecast. 


HEDONIC SHARES 

The shares of hybrids in the desired stock by class are 
estimated using the hedonic choice model outlined in "The Impact of 
Electric Passenger Automobiles on Utility System Loads, 1985-2000", 
by E. Patrick Marfisi, Charles U. Upton, and Carson E. Agnew, a 
report by MATHTECH, Inc. for EPRI, November 1977. 

In this analysis, shares by size class are estimated relative 
to subcompacts as a function of vehicle attributes (capitalized cost 
per mile, automatic transmission fraction and passenger capacity) and 
variables shifting the attribute coefficients (SMSA population as a 
percent of total roadway per land area, and geographical dummies). 
The hybrid share can be estimated by using the hedonic choice equation 
and assuming a set of attributes for hybrids. The fraction of 
hybrids with automatic transmission is set at one (a desirable 
attribute); and the seating capacities are assumed to be slightly 
larger (by 0.5 on average) than regular cars in the same class, 
reflecting a perception of hybrids as "larger". 


—^Assumptions supplied by South Coast Technology, Inc 
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The equation used la: 


In (SHRj, - In (SHRST) - (US i FAUTO - USSTFAUTO) * (4.417 

- .0052 NPMET + .325 RW/LA - 2.2150 DUMW) + (CPM^AP 

* - CPMSTCAP) * (-138.4 + .«»63 NPMET - 5.09 RW/LA 

+ 21.72 DUMW - 0.5DUMS) + (NP ± 2 - NPST 2 ) 

* (.19 - .00041 NPMET + .002601 RW/LA - .002959 DUMW 
+ .002345 DUMS) + DUML + (1.357 + .008593 NPMET + .234 RW/LA 

- .296 DUMW + .43 DUMS) 

where : 


SHRj^ 

SHRST 

USIFAUTO 

USSTFAUTO 

NPMET 

RW/LA 

DUMW 

DUMS 

CPM jL CAP 

CPMSTCAP 

NPi 

NPST 

DUML 


Share of size class 1, 1 * subcompact, compact, 
mid-size, mid-size hybrid, fullsize, fullsize 
hybrid, luxury, and luxury hybrid 

Share of subcompacts 

Fraction of size class i with automatic transmission 

Fraction of subcompacts with automatic transmission 

SMSA population as percent of total 

Roadway per land area 

Dummy for western states 

Dummy for southern states 

Capitalized cost per mile, size class i 

Capitalized cost per mile, subcompacts 

Passenger capacity, size class i 

Passenger capacity, subcompacts 

dummy for luxury cars, - 1 for luxury cars, 0 
otherwise 


WHARTON EFA.INC. 


What this procedure does is to enter some qualitative vehicle 
characteristics which Induce purchases despite a possibly adverse 
relative cost* and which provides a tentative means of analyzing the 
appeal of a completely new design* Clearly the qualitative aspects 
are still very limited* Nonetheless* the predictions which result 
appear »very reasonable* The unquant if lable component is the impact of 
uncertainty about future petroleum fuel supplies, although the present 
and near future should provide some useful insight from diesel 
sales developments* 
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HYBRID STUDY CONTROL FORECAST 


ASSUMPTIONS 


The Control Forecast , before the inclusion of hybrids, uses as 
Its input assumptions for economic and demographic variables the 
February 1979 Wharton Annual Model Year 2000 Forecast* This predicts 
slow real growth and high inflation for 1979-80, with the probability 
of an actual recession and the strength of the recovery dependent upon 
the severity of fiscal and monetary restraint applied to control 
inflation, and what domestic and International energy policies are 
Implemented. 

In the absence of any severe shocks, the long-term trend 
for annual real GNP growth is projected at 3Z, with real per capita 
disposable income averaging just below 2Z annual growth, during the 
1980's, and 2.6Z for the decade 1', 90-2000. Inflation is projected to 
decline at a moderate pace, with growth in the consumer price index 
averaging over 6.5Z for 1980-85, falling to 5Z for 1985-90, and 
remaining at around 4.5Z for the rest of the century. 

Sectors of the economy experiencing strong growth are pre- 
dicted to Include Investment expenditures and both exports and 
imports. Both consumer durables and services are expected to show 
above average growth. Mining, durables manufacturing, and utilities 
are the leading industrial sectors. 

For fiscal policy, it is assumed that real government expendi- 
tures will show slower growth than past trends, and decline as a share 
of real GNP. As a consequence, the federal deficit is steadily 
diminished, moving into balance in the late 1980's. The key energy 
assumptions include a gradual progress towards decontrol of domestic 
oil prices, beiug completed in the later 1980's. The long-term OPEC 
policy is assumed to be to raise prices at about the U.S. inflation 
rate. 
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Th« demographic assumptions used are taken from the Bureau of 
the Census* Current Population Rep o rt P-20 . July 1978. These utilize 
the Series II fertility assumption, implying population growth in the 
0.9Z range. The size of families continues to fall, with family 
formation and the number of single individuals outpacing general 
population growth. The aging population yields a declining proportion 
in the lower age brackets, and contributes to the rapid slowing down 
of growth in licensed drivers. 

The gasoline price projection uses the rate of growth of real 
gas prices specified for the median case. The average 1978 price for 
regular gas is 65.3 cents/gallon (compared to the 72.0 specified in 
the sensitivity assumptions. Table B-l). Our 1990 "real" price 
deflated by the CPI is, therefore, 110.0 x 65.3/72.0 - 99.8d/gallon . 
The rates of growth in gasoline prices are extremely high, and defin- 
itely in the upper range of the possible trend. The Wharton Annual 
Model forecasts the gasoline price consistently based on assumed OPEC 
prices and the domestic energy situation. Assuming an average imports 
price/bbl of $19.20 by 1980 (up 302 over 1978) with a 6. 52 annual rate 
of increase thereafter, and with full domestic decontrol by 19S6, the 
1985 Annual Model gas price reaches $1.26 (vs. $1.38). 

All of the specific assumptions utilized in the forecast are 
shown in the "MARCH CONTROL FOR HYBRIDS" output. Tables 17.00-23.10, 
and 32.10. Except for the specific variables changed in the various 
hybrid vehicles scenarios, these remain unchanged for all the hybrid 
forecasts. 


Forecast Results 


The following Summary Table presents the long-term trends for 
most of the key variables. Despite the current short-term weakness, 
the long-term outlook is for a moderately good growth path. A decline 
in real Income and high inflation cause a decline in sales in 1979-80, 
but the sales rebound during the early 1980's averages 2.72 per year. 
Sales growth slows during the late 1980's, but averages over 22 during 
the 1990's. This robust long-term trend is supported by good turnover 
of the stock, with both the sales and scrappage rates registering 
levels close to their historical averages. 


original PAGE IS 

OE POOR QUALITY 


HYBRID study control i*orecast summary table 
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The composition of sales is not expected to shift dramatically 
in the short-term as each segment goes through a downsizing program 
through 1985 . The downsizing, together with technological Improvement 
to engines and transmissions, is assumed to yield compliance with the 
CAFE standards, provided significantly stricter emissions snd safety 
requirements are not Imposed. Smsll domestic car base prices do 
Increase less rapidly than the larger models' in order to msintaln 
their market share versus imports. The Imports share drops in 1979 
due to discontinued "captives” snd VW of America production. We 
project increasing domestic production of former imports through 
1985. 


In the long-run, we project Increases in the small car shares, 
at the expense of fullsize. The fullsize declines from an 18. AX 
share of the total in 1979 to 11.52 by 2000, while subcompacts grow 
from 25.12 to 28.12. The foreign share Increases reaching a plateau 
of 202 in the mid-1990's, largely due to less rapid Increases in 
imports prices. The composition of the stock of vehicles changes 
accordingly, and more dramatically. From 1978 to 2000, the subcompact 
share of total stock grows from 20.72 to 27.42, compacts grow frc 2 

19.52 to 22.92 mid-size go from 242 to 25.82, fullsize declines from 

26.52 to 132, and luxury rises from 9.32 to 15.42. The overall 
foreign share climbs from 14.52 to 202. 

The average new car purchase cost is projected to rise rapid- 
ly, at 72 per year through 1985, and averaging over 52 through the end 
of the century. With the rapid rates of increase of other operating 
costs, particularly insurance and gasoline, the total capitalized cost 
per mile rises even more rapidly, despite the offset of rapidly 
Improving nev car fuel economy up to 1985. These high inflation 
rates are, of course, general throughout the economy and hence the 
"real" cost per mile (relative to the CPI) Increases by slightly under 
12 annually during the forecast period. 

The number of cars in operation reaches 141 million by 2000, 
a 1.62 annual average growth rate. Market saturation increases 
slightly, the ratio of cars to licensed drivers rising from 0.7 in 
1978 to 0.75 by 2000. With the ve ry rapid fuel price increases 
combined with only moderate income growth, vehicle miles per car shews 
no growth through the mid-1980's, and averages only 0.62 per annum 
for 1985-90. Thereafter, "real" gasoline prices are -assumed to remain 
constant, and stronger real income growth yields an average annual 
growth rate of 0.92. The growth of vehicle stock and miles per 
vehicle thus combine to yield vehicle miles traveled (VMT) growth well 
below historical trends, at only 1.62 per year for the early 1980's, 
and slightly under 2.52 thereafter. Urban travel continues to grow 
substantially more rapidly than rural/highway, reaching 672 by 2000. 
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The low vehicle miles growth, together with the better than 
3% per year average improvement in fleet average fuel efficiency 
during the decade 1980-1990, leada to declining fuel consumption* 
From the peak of 87*6 billion gallons in 1980, consumption falls to a 
low of 76*2 in 1990, a 13% decline. Consumption rises significantly 
during 'the late 1990'a with the onset of renewed VMT growth, zero mpg 
improvement, and constant real gas prices; nonetheless, it is 1998 
before the 1980 peak is exceeded. 


THE WHARTON EE A MnTOi^ .^HICIE DEMAND MODEL 
MARCH CONTROL WITH LOW PRICE HYBRIOS IN |9AS 
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